We propose a point-by-point inscription method for fiber Bragg grating (FBG) fabrication using a femtosecond pulsed laser focused through a fiber polyimide coating, realizing a 2-μm-wavelength-band FBG. A femtosecond laser acts as the inscription laser, focused by a 63× oil lens. A first-order FBG was fabricated with a grating interval of 700 nm. The 15-μW pulsed laser was focused directly on the fiber core through the polyimide coating and cladding. A first-order FBG for 2004.8-nm light with more than 56% reflectances was fabricated. High wavelength sensitivity and linearity of the FBG were demonstrated by temperature and strain-sensing testing. The first-order FBG of 2004.8 and 2000.2 nm resonant wavelengths could be realized simultaneously through parallel inscription method in 3000 μm long grating area.
Introduction
Owing to advantages such as a high sensitivity, excellent tensile properties, radiation resistance, and long working life, the fiber Bragg grating (FBG) is a widely-used tool within applications including fiber lasers, fiber communications, optical sensing, optical signal demodulation, etc. [1] - [3] . FBGs are of the most important fiber optical components, and therefore methods for their fabrication have been developing rapidly over the past few years. The gratings can be written by ultraviolet or femtosecond lasers; for femtosecond laser inscription, a phase mask or in a point-by-point procedure are usually adopt [3] . Compared with ultraviolet laser sources, the advantages of the inscription method by femtosecond pulses are wider machining materials, flexible inscription methods, and high temperature resistance [4] - [7] . However, 1.5-μm-wavelength-band FBG writing by a femtosecond laser has only just recently been reported, via phase mask or point-by-point, and few research units are equipped with the capability to write FBGs directly, through the fiber coating [8] - [10] . Compared with the traditional recoating method, the FBG has greater tensile strength. In 2017, a FBG array written through the fiber coating by a femtosecond laser using the phase mask technique was reported by Joé Habel et al. [11] ; in the same year, a very short 100-μm-length FBG inscribed with a femtosecond laser and phase mask arrangement through the fiber coating was reported by Cyril Hnatovsky et al. [12] ; in 2018, a FBG with π-phase shifts inscribed directly by the point-by-point technique using femtosecond laser pulses was realized by Alexey Wolf et al. [13] ; also in 2018, two FBGs fabricated in dual-core fiber by a femtosecond laser was reported by Sergey S. Yakushin et al. [14] ; in the same year, A. Donko reported point-by-point femtosecond laser FBG microprocessing in a seven-core fiber [15] ; and a femtosecond laser FBG written by plane-by-plane inscription has been reported by Ping Lu et al. [16] ; in 2016, A.V. Dostovalov reported a femtosecond point-by-point inscription method through ferrule and polyimide coated fibers [17] .
From the abovementioned literature survey, it can be concluded that a femtosecond FBG is most-often realized using a phase mask, which, however, can be used to fabricate only gratings of certain types and wavelengths. Compared with this method, point-by-point inscription has more flexibility for writing different types of gratings and different grating periods. In addition, fiber coatings usually need to be removed during traditional FBG fabrication processes, resulting in increased fragility of the FBG. Moreover, research focused on 2-μm-wavelength-band femtosecond FBGs realized through point-by-point inscription has yet not been reported, despite the fact that 2-μm-wavelength-band FBGs are an important fiber component in fiber lasers and sensors in the fields of surgery, biomedicine, infrared sensing etc. Thus, it is necessary to study methods for point-by-point inscription of 2-μm-wavelength-band femtosecond FBGs through their fiber coatings. In this study, we manufacture a 2004.8-nm-reflection-wavelength femtosecond FBG of 3000 μm in grating length, and test its temperature characteristics in the range 300-440°C. Moreover, in fiber inscription, it is unanimous that multi-FBG inscriptions within the same grating area can be very tricky, since the inscription cross interference is neither easy to predict nor to eliminate, we have successfully fabricated parallel FBGs within 3000 μm grating length in 9/125 μm single-mode fiber.
Experimental Setup
The schematic of the proposed femtosecond FBG-fabrication system is shown in Fig. 1(a) . The experimental system is composed of a femtosecond pulsed laser, shutter, mirror, oil lens, camera, circulator, three-dimensional (3D) movement stage, amplified spontaneous emission (ASE) source, and optical spectrum analyzer (OSA). All the components use 9/125-μm pigtail fibers. The shutter was used to control the fabrication frequency; in addition, the mirror was used to adjust the light transmission path; the camera was used to obtain an image during the manufacturing process; and a 63 × oil lens was selected to focus the light for inscription. The fiber was loaded on a highresolution 3D movement machining stage. The OSA was used to monitor the FBG transmission and reflection spectra during the inscription process. In the femtosecond pulsed-laser machining system, the camera, shutter, and machining stage were fully controlled by a computer.
The fabrication method for the 2-μm-wavelength-band FBG is depicted in Fig. 1(b) . As shown in the figure, the femtosecond pulsed laser is focused on the fiber core through the polyimide coating and cladding. The principle of FBG operation can be expressed by eq. (1).
where n eff is the refractive index of the fiber core, is grating period, and λ is the spectral reflectance of the FBG. For the proposed FBG, the fiber type is SM1500(9/125)P manufactured by Fibercore Inc., the grating inscription period is 700 nm, and when n eff is 1.43, consequently, a first-order FBG effect occurs, and the reflected wavelength is 2004.8 nm.
Moreover, we propose a 2-μm-wavelength-band ASE source, shown in Fig. 2 , which is composed of a 793-nm laser diode (LD), wavelength-division multiplexing (WDM), and a thulium-doped fiber (TDF). As shown in the spectral monitoring system, the broadband light was coupled into a circulator and reflected by the FBG. It then exited from the optical circulator unit and entered the OSA (YOCOGAWA 6375). In our experiment, the femtosecond pulsed laser is manufactured by Coherent, Inc., (Astrella Ultrafast Ti:Sapphire Amplifier), and its pulse energy is 6 mJ at 1 kHz repetition frequency, 800 nm laser output wavelength at 35 fs pulse width; the laser diode was supplied by Lumics GmbH; the TDF was supplied by Nufern, and the gain medium fiber type is SM-TSF-9/125; the WDM and circulator were manufactured by Lightcomm Technology Co., Ltd.
Experimental Results and Discussion
The proposed femtosecond FBG manufacturing system was evaluated by constructing an experimental system, as shown in Fig. 3 . The femtosecond laser frequency is 1 kHz, the pulse width is 35 fs, and laser wavelength is 800 nm; the polyimide coating fiber (SM1500(9/125)P, Fibercore) is loaded on the 3D stage. The femtosecond light spot is focused in the fiber core by adjusting the position of the fiber. In the experiment, in order to fabricate 2 μm wavelength band first-order FBG, index matching oil was used, 3D stage movement speed was designed for 700 μm/s, so inscription lines interval was 700 nm, and a first-order FBG with a 700 nm grating period was realized by optimizing the light spot and the inscription position; the FBG grating length is 3000 μm, the reflection wavelength is 2004.8 nm, and the fabrication time was a little more than 4 seconds. A grating area image was collected by the camera, as shown in Fig. 4 ; the edges of fiber coating, cladding, and core can be observed clearly, and the femtosecond pulse inscription area is located in the center of fiber core.
In the experiment, a 6-m-length TDF was used as the gain medium of the ASE source. The transmission and reflectance spectra of the FBG fabricated by point-by-point femtosecond pulsedlaser inscription was tested. As shown in Fig. 5 , the contrast shown in the reflectance spectrum of the FBG is greater than 7.6 dB, the transmission spectrum depth is 3.6 dB, and the reflectance at the desired wavelength is greater than 56%. The detailed structure in the reflectance spectrum of the manufactured FBG near to the reflected-wavelength band is shown in Fig. 6 ; the center wavelength is 2004.8 nm and the 3-dB linewidth is 0.59 nm.
The fabricated FBG grating area was observed using a microscope. As shown in Fig. 6 , through adjusting imaging distance, the inscription area could be observed, where grating lines generated by the cylindrical-lens effect of the fiber can be observed. These images further demonstrate that our proposed femtosecond FBG fabrication method is effective.
In this study, we also tested the temperature-sensing characterisitics of the FBG. The temperature testing system is shown in Fig. 7 . For the ultraviolet FBGs, the grating can tolerate temperatures below 300 degrees, so that we didn't test FS-FBG in the range 20-400°C. A maximum temperature of 440°C could be generated by the temperature platform. In order to avoid the influence of surface reflections from the fiber end, cutting it at 8°is necessary. The FBG temperature characteristics in the range 300-440°C was examined, because unlike ultraviolet FBGs, femtosecond FBGs will not degenerate above 300°C. In the experiment, the thermal anneal procedure was executed during 100°C in 24 hours before temperature test, and the FS-FBG spectrum variation was not observed. As shown in Fig. 8(a) , the temperature was incremented every 20°C, the result was a regular shift in the FBG-reflection center wavelength, so that it moved from 2009.3 to 2015.6 nm for the entire temperature range; moreover, there are no obvious variations in the structure of the reflectance spectrum. As shown in Fig. 8(b) , the wavelength sensitivity of the FBG is 16.9 pm, its wavelength linearity R 2 is 0.9992. We take the value of the top of FBG reflection spectrum as output power seen on the OSA, and the power fluctuations were measured to be less than 0.53 dB. As mentioned above, the fabricated FBG has an excellent temperature characteristics. The strain characterization was measured in the experiment. As shown in Fig. 9(a) , the strain length was incremented every 50 μm, FBG-reflection center wavelength show a regular variation from 0 to 450 μm for the entire strain range, and reflectance spectrum structure didn't show obvious variations. As shown in Fig. 9(b) , the FBG wavelength sensitivity is 1.7 pm, its wavelength linearity R 2 is 0.9972, and the power fluctuations were measured to be less than 0.54 dB.
In the experiment, 2-μm-wavelength-band femtosecond FBG array of 3000 μm long grating area was fabricated by parallel inscription method. In the first step, a first-order FBG with a 700 nm grating period was realized, the resonant wavelength was 2004.8 nm. After that, the light spot was move back to the inscription beginning point, and move 3 μm length perpendicular to fiber core; and another first-order FBG with a 699 nm grating period was inscribed and the resonant wavelength was 2000.2 nm. For the paralleled FBGs, the grating area image is shown in Fig. 10(a) , and the reflection spectrum is shown in Fig. 10(b) , the peak position power difference was less than 0.627 dB, and contrast shown in the reflectance spectrum of two FBGs are greater than 7.2 dB.
In this evaluation, 2-μm-wavelength-band first-order FBG inscription method based on femtosecond laser was studied, and the temperature characteristic was tested. Moreover, a paralleled-FBG with different reflection wavelength was realized. From the results, we can conclude that the 2-μm-wavelength-band FBG can be realized through fiber coating using the proposed system.
Conclusions
In this study, a 2004.8-nm-reflection-wavelength femtosecond first-order FBG was demonstrated experimentally. The FBG was realized through a point-by-point inscription method to generate grating lines with a 700-nm interval in the fiber core, through the polyimide coating. The reflectance of the FBG was measured as greater than 56%, and its 3-dB linewidth is 0.59 nm. The proposed FBG showed excellent temperature sensitivity (16.9 pm) and linearity (0.9992), over the 300-440°C range, and the measured power fluctuations were less than 0.53 dB. The FBG strain sensitivity is 1.7 pm and linearity is 0.9972 during 0-450 μm range and power fluctuations were less than 0.54 dB. For two FBG array, first-order FBG of 2004.8 and 2000.2 nm resonant wavelengths were realized simultaneously through parallel inscription method in 3000 μm long grating area, and two lines interval of 3 μm. Thus, the approach proposed in this study can be used to realize 2-μm-wavelength-band fiber-grating operation and has potential as an industrial manufacturing method.
